polymer containing alternating phenylenevinylene and tetrafluorophenylenevinylene units was one order of magnitude larger than that measured for the corresponding homopolymer, poly(paraphenylenevinylene) (PPV). Similarly, Chen et al. reported the third-order optical nonlinearity of a conjugated 3,3′ -bipyridine derivative, with an enhanced nonlinearity due to its symmetrical donor-acceptor-donor structure, in which the 3,3′ -bipyridine core was acting as the acceptor group and the thiophene ring as the donor group (Chen, 2003) . The donor-acceptor (D-A) approach, introduced by Havinga et al. (1993) in macromolecular systems via alternating electron-rich and electron-deficient substituents along the conjugated backbone, has attracted a good deal of attention in recent years. Interaction of the donor-acceptor moieties enhances the double bond character between the repeating units, which stabilizes the low band gap quinonoid like forms within the polymer backbones. Hence, a conjugated polymer with an alternating sequence of the appropriate donor and acceptor units in the main chain can induce a reduction in its band gap energy. Recently, molecular orbital calculations have shown that the hybridization of the energy levels of the donor and the acceptor moieties result in D-A systems with unusually low HOMO-LUMO separation (Brocks & Tol, 1996) . If the HOMO levels of the donor and the LUMO levels of the acceptor moiety are close in energy, the resulting band structure will show a low energy gap. Further reduction in band gap is possible by enhancing the strength of donor and acceptor moieties via strong orbital interactions. In addition, the presence of strong electron donors and acceptors in conjugated polymers increases the -electron delocalization leading to a high molecular polarizability and thus improving the nonlinear response of the polymer. In this direction, several donor-acceptor type conjugated polymers were synthesized and their third-order nonlinear optical properties were investigated (Hegde et al., 2009; Kiran et al., 2006 .
Metal and semiconductor nanoparticles are also emerging as a promising class of NLO materials for nanophotonic applications (Fatti & Vallee, 2001; Gayvoronsky et al., 2005; Philip et. al., 2000; Venkatram et. al., 2005; Voisin et al., 2001) . For instance, a large nonlinear optical response with a third-order NLO susceptibility (χ (3) ) value as high as 2 x 10 -5 esu has been observed for nanoporous layers of TiO 2 (Gayvoronsky et al., 2005) . Research has shown that it is advantageous to embed metal/semiconductor nanoparticles in thin polymer films for application purposes because the polymer matrix serves as a medium to assemble the nanoparticles and stabilize them against aggregation (Boyd, 1996; Takele et al., 2006) . Furthermore, the nanocomposite structures are known to substantially enhance the optical nonlinearities (Neeves & Birnboim 1988) . Therefore, the third-order NLO properties of several metal/semiconductor-polymer nanocomposites have been investigated (Gao et al., 2008; Karthikeyan et al., 2006; Porel et al., 2007) . Recently, conjugated polymers are being used as host matrix for dispersing metal/semiconductor nanoparticles (Sezer et al., 2009) . Such nanoparticle/polymer composites are shown to possess a large third-order nonlinear susceptibility of the order of 10 -7 esu with an ultrafast response time of 1.2 ps (Hu et al., 2008) . The nanocomposites made of Ag nanoparticles dispersed in poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] matrix have exhibited a large third-order nonlinear susceptibility of the order of 10 -6 esu (Hu et al., 2009 ). Higher χ (3) value has been observed for polydiacetylene-Ag nanocomposite film when compared with the pure polydiacetylene film (Chen et al., 2010) .
In this chapter, we describe the third-order nonlinear optical studies on new donor-acceptor conjugated polymers; named as PThOxad 1a-c, PThOxad 2a-c and PThOxad 3a-c. All these polymers contain 3,4-diakoxythiophene units as electron donors and 1,3,4-oxadiazole as electron acceptor units. Nanocmposites of PThOxad 3c and nano TiO 2 were prepared using the spin coating method. The third-order nonlinear optical properties of the polymers and their composites were investigated using z-scan and degenerate four wave mixing (DFWM) techniques. All the polymers exhibit significant third-order nonlinearity. We describe their concentration dependent optical limiting behavior using a ns Nd:YAG laser operated at 532 nm. Z-scan (Bahae et al., 1990 ) is a technique that is particularly useful when nonlinear refraction is accompanied by nonlinear absorption. This method allows the simultaneous measurement of both the nonlinear refractive index and the nonlinear absorption coefficient of a material. Basically, the method consists of translating a sample through the focus of a Gaussian beam and monitoring the changes in the far-field intensity pattern. Because of the light-induced lens-like effect, the sample has a tendency to recollimate or defocus the incident beam, depending on its z position with respect to the focal plane. By properly monitoring the transmittance change through a small aperture placed at the far-field position (closed aperture), one is able to determine the amplitude of the phase shift. By moving the sample through the focus and without placing an aperture at the detector (open aperture), one can measure the intensity-dependent absorption as a change of transmittance through the sample.
Experimental set up
A Q-switched Nd:YAG laser with a pulse width of 7 ns at 532 nm was used as a source of light in the z-scan experiment. The output of the laser had a nearly Gaussian intensity profile. A lens of focal length 26 cm was used to focus the laser pulses onto the sample. The resulting beam waist radius at the focused spot, calculated using the formula
, where f is focal length of the lens and d is the diameter of the aperture, was found to be 20 m. The corresponding Rayleigh length, calculated using the formula, 2 00 z w    was found to be 2.3 mm. Thus the sample thickness of 1 mm was less than the Rayleigh length and hence it could be treated as a thin medium. The scan was obtained with a 50% (S = 0.5) aperture and at pulse energy of 10 J, which corresponds to a peak irradiance of 0.22 GW/cm 2 . In order to avoid cumulative thermal effects, data were collected in single shot mode (Yang, 2002) . The optical limiting measurements were carried out when the sample was at focal point by varying the input energy and recording the output energy. Both the incident and the transmitted energies were measured simultaneously by two pyroelectric detectors with Laser Probe Rj-7620 Energy Ratio meter. Spectral grade dimethylformamide (DMF) was used for the preparation of polymer solutions.
Four-wave mixing refers to the interaction of four waves in a nonlinear medium via the thirdorder polarization. When all the waves have same frequency, it is called as degenerate fourwave mixing. There are several geometries used in studying this phenomenon. One of such geometries used in our experiment is the backward geometry or the phase conjugate geometry. Here, two counter propagating strong beams are called forward pump beam and the backward pump beam. A third wave called the probe beam is incident at small angle θ (~ 4 o ) to the direction of the forward pump. A fourth beam, called the conjugate beam, is generated in the process and propagates counter to the probe beam (Sutherland, 1996) . In the www.intechopen.com present study, the laser energy (at 532 nm) at the sample was varied by the combinations of neutral density filters. Sample was taken in a 1 mm thick glass cuvette, with a concentration of 10 -5 mol/L. A small portion of the pump beams was picked off and measured by a photodiode to monitor the input energy. The DFWM signal generated in the sample solution was separated by a second photodiode. The photodiode signals were averaged over a number of laser shots and displayed by a Tektronix TDS2002 digital storage oscilloscope.
Polymers and their nanocomposites
Introduction of strong electron donor and strong electron acceptor groups along polymer chain could be a promising molecular design to improve the NLO properties in D-A type polymers. Processing of these polymers for application purposes requires good solubility in common organic solvents. Another important criterion from the application point of view is the good film forming properties of these polymers. Solubility of the polymers could be improved by the incorporation of proper solubilising groups either in the polymer main chain or in the side chain. Keeping these points in view, three series of D-A polymers (PThOxad 1a-c, PThOxad 2a-c and PThOxad 3a-c) are synthesized in the present study and are characterized. The polymer structures consist of electron donating 3,4-dialkoxythiophene units and electron accepting 1,3,4-oxadiazole units. In 3,4-dialkoxythiophnes, introduction of long alkoxy pendants at 3-and 4-positions of the thiophene ring not only enhances the electron donating nature of the ring but also improves the solvent processability of the corresponding polymer. On the other hand, 1,3,4-oxadiazole ring, due to its high electron affinity, is a good electron acceptor for D-A type conjugated polymers. However, in the case of poly(3,4-dialkoxythiophene)s the steric interactions of alkoxy groups of adjacent thiophene rings reduce the coplanarity and hence it affects the conjugation length of the polymer. In order to minimize such steric interactions two strategies have been employed in the present study. First one is to introduce a spacer unit, like a 1,4-divinylbenzene moiety as is the case in PThOxad 1a-c (Fig. 1) or a phenyl ring (PThOxad 3a-c), along the polymeric backbone so that the thiophene rings are well separated, which thus minimizes the steric interactions of the alkoxy groups. Second method is to replace one of the 3,4-dialkoxythiophene units by a cyclosubstituent fused at 3-and 4-positions, i.e. 3,4-ethylenedioxythiophene (EDOT) unit (PThOxad 2a-c), so that there will not be any steric interactions. These polymers are synthesized by using a precursor polyhydrazide route. As expected, all these polymers showed good solubility in common organic solvents, which is an important requirement for the processing of the polymers for device applications.
The chemical structures of the D-A polymers containing 3,4-dialkoxythiophenes and 1,3,4-oxadiazole units are shown in Fig. 2 . The synthetic route for these polymers involves the preparation of monomer units, which follows the polycondensation of these monomeric units to give the final polymers. As a representative, the synthesis of PThOxad 1a-c is described in this section. A series of monomers, 3,4-dialkoxythiophene-2,5-carbonyldihydrazides (6a-c) were prepared starting from thiodiglycolic acid (1). Esterification reaction of thiodiglycolic acid (1) with ethanol in presence of conc.sulphuric acid afforded diethylthiodiglycolate (2). Compound 2 was then condensed with diethyloxalate in presence of sodium ethoxide and ethanol to get diethyl 3,4-dihydroxythiophene-2,5-dicarboxylate disodium salt (3). Acidification of the disodium salt with hydrochloric acid afforded the compound 4.
www.intechopen.com Diethyl 3,4-dialkoxythiophene-2,5-dicarboxylates (5a-c) were synthesized by the etherification reaction of diethyl 3,4-dihydroxythiophene-2,5-dicarboxylate (4) with the corresponding n-bromoalkane in the presence of potassium carbonate and DMF. The reaction was completed in 70 h. Diethyl 3,4-dialkoxythiophene-2,5-dicarboxylates (5a-c) were then converted into corresponding 3,4-dialkoxythiophene-2,5-carbonyldihydrazides (6a-c) by treating them with hydrazine hydrate and methanol. Scheme 2 shows synthetic route to the synthesis of 3,3′-(1,4-phenylene)bis[2-propenoyl chloride] (8), which was achieved starting from 1,4-benzenedicarboxaldehyde. Knoevenagel condensation of 1,4-benzenedicarboxaldehyde (7) with malonic acid in presence of pyridine and a catalytic amount of piperidine afforded 3,3′-(1,4-phenylene)bis[2-propenoic acid], which on treatment with thionyl chloride utilizing DMF as a catalyst yielded the monomer 8. The chemical structures of all the above compounds were confirmed by spectral and elemental analyses. The synthetic route for PThOxad 1a-c is involves the synthesis of precursor polyhydrazides followed by the conversion these polyhydrazides into polyoxadiazoles (scheme 3). For the preparation of polyhydrazides, a mixture of 10 mmol of appropriate dihydrazide, 20 mmol of anhydrous lithium chloride and 0.1 ml of pyridine was taken in 20 ml of Nmethylpyrrolidinone, and 10 mmol of acid chloride (8) was added slowly at room temperature under N 2 atmosphere. The reaction mixture was stirred at room temperature for 5 h. The resultant yellow solution was heated at 80 o C with stirring for 20 h. After cooling to room temperature the reaction mixture was poured into water to get a precipitate. The precipitate was collected by filtration and was washed thoroughly with water followed by acetone and finally dried in vacuum to get the corresponding polyhydrazides in 70-85% yield. These polyhydrazides are insoluble in common organic solvents at ambient and even at elevated temperatures, as reported for other polyhydrazides. The polyhydrazides were converted into the corresponding poly(1,3,4-oxadiazole)s, by cyclodehydration of the hydrazide group into 1,3,4-oxadiazole ring, using polyphosphoric acid (PPA), which functions both as solvent and dehydrating agent. The reaction was carried out by heating a mixture of polyhydrazide (0.5 g) and 50 ml of polyphosphoric acid at 100 o C for 4 h under N 2 atmosphere. The reaction mixture was then cooled to room temperature and poured into excess of water. The resulting precipitate was collected by filtration, washed thoroughly with water followed by acetone and dried in oven at 70 o C to get the final polymers in 70 -80% yield. The progress of the cyclodehydration reaction was monitored by FTIR spectroscopy. The stretching bands of C = O and N -H groups of polyhydrazides ( fig.3) , disappeared in the FTIR spectra of the corresponding poly(oxadiazole)s, where as the band corresponding to imine (C = N) in an oxadiazole ring was newly generated ( fig. 4 ). In addition, peaks due to =C-O-C= (1,3,4-oxadiazole ring) stretching was also observed for these polymers, confirming the conversion of polyhydrazides to polyoxadiazoles. The polymers are found to be thermally stable up to ~330 •C. DSC studies were performed to observe glass transition temperature (T g ) of the polymers. The samples were heated up to 300 •C under nitrogen atmosphere at a heating rate of 5 •C/min. No T g or melting point was observed suggesting that the polymers are either having very high T g or are highly crystalline in nature and decompose before melting. The UV-vis absorption and fluorescence spectra of the polymers (PThOxad 1a-c) were recorded both in solution and in thin film form. As shown in fig. 5 , the absorption maxima of the polymers in dilute DMF solutions (ca. 10− 5 ) are 373 nm for PThOxad 1a, 378 nm for PThOxad 1b and 381 nm for PThOxad 1c. In addition, the absorption spectra of the polymers displayed a shoulder at 306 nm. Compared with poly(3,4-dialkoxythiophenes), these polymers showed a red shift in absorption spectra. This may be due to the presence of 1,4-divinylbenzene moiety in PThOxad 1a-c, which serves to alleviate steric effects of the alkoxy groups in the adjacent thienylene rings. Hence, electron-donating contributions from the alkoxy groups to the electronic structure of the polymers become more prominent. The absorption spectra of the polymer thin films ( fig. 6 ) are rather broad and so their max values could not be precisely determined. However, their optical energy band gap (E g ) was calculated from the absorption edge in the thin films to be 2.20-2.38 eV. As shown in fig. 7 , www.intechopen.com the emissive maxima of the polymers in dilute DMF solutions (ca. 10− 5 ) are 470 nm for PThOxad 1a, 474 nm for PThOxad 1b, and 479 nm for PThOxad 1c. The Stokes shift was determined to be 97, 96 and 98 nm for PThOxad 1a-c, respectively. The fluorescence emission spectra of these polymers in thin films are shown in fig. 8 . The polymers emit intense green light in solid state, with emission peaks at 502, 506 and 512 nm for PThOxad 1a-c, respectively. Consequently, the fluorescence spectra of the polymer thin films exhibit a red shift with respect to those obtained from their solutions. This can be attributed to the interchain or/and intrachain mobility of the excitons and excimers generated in the polymer in the solid stated phase. Further, a sequential red shift in the max was observed in both the UV-vis absorption spectra and fluorescence emission spectra of polymers. The increase in the length of the alkoxy side chains led to a red shift in the max in UV-vis absorption and fluorescence emission spectra. This can be interpreted as an expected better side chain interdigitation and interchain organization with increasing pendant chain length. The fluorescence quantum yields (Davey et al., 1995) of the polymers in solution were determined using quinine sulfate as a standard (Demas & Grosby, 1971) and are found to be in the range of 26-30%. Following the similar procedure for PThOxad 1a-c, other two series of polymers, PThOxad 2a-c and PThOxad 3a-c, were prepared and their optical properties were studied. For the preparation of PThOxad 3c/TiO 2 nanocomposite, polymer (PThOxad 3c) and TiO 2 were dispersed in the weight ratio 4:1 in chloroform and chlorobenzene solvent system (10:1 volume ratio) and sonicated for 2 hrs. Nanocomposite films were prepared on clean glass plates through spin coating and the films were dried in vacuum for 1 hr. The thickness of the polymer and the nanocomposite films was determined by the SEM cross section, and was found to be in the range of 0.5 -1 micrometer. The linear transmittance of the film samples was between 50 to 60 % aqt 532 nm. The thermogravimetric analysis (TGA) of PThOxad 3c and PThOxad 3c/TiO 2 nanocomposite was carried out under nitrogen atmosphere at a heating rate of 5 o C/min. The polymer (PThOxad 3c) decomposed slowly in the temperature region of 190 -310 o C and thereafter a rapid degradation took place up to 495 o C. The nanocomposite started to decompose at 300 o C ( fig. 9 ) which indicated a higher thermal stability of the nanocomposite in comparison with that of the polymer. A similar thermal stabilization of nanocomposite was reported in the literature (Zhu et al., 2008) . Fig.10 shows the SEM image of the PThOxad 3c/TiO 2 nanocomposite. A moderately uniform distribution of TiO 2 nanoparticles can be observed with average particle sizes ranging from 25 to 45 nm. Fig. 9 . TGA graphs for PThOxad 3c (-) and PThOxad 3c/TiO 2 nanocomposite (---). The UV-vis absorption spectra of PThOxad 3c in CHCl 3 solution (ca.10 -5 ), PThOxad 3c film and PThOxad 3c/TiO 2 nanocomposite film are shown in fig. 11 . PThOxad 3c in solution displayed an absorption maximum at 378 nm, while the PThOxad 3c film showed a red shift of 16 nm in the absorption spectrum. The optical energy band gap (E g ) of PThOxad 3c was calculated from the absorption edge in the film and was found to be 2.28 eV. The PThOxad 3c/TiO 2 nanocomposite film showed an absorption peak at 412 nm (π→ π * of polymer) and at 310 nm and a shoulder at 250 nm (characteristic absorptions of TiO 2 ). Fig. 12 shows the fluorescence emission spectra for PThOxad 3c in CHCl 3 solution (ca.10 -4 g/l), PThOxad 3c film and PThOxad 3c/TiO 2 nanocomposite film. Incorporation of TiO 2 nanoparticles caused a slight red shift in the absorption spectra and a blue shift in the emission spectra. There was a shift of 18 nm in the absorption maximum of the nanocomposite film, when compared with that of the polymer film. We note that, a similar red shift in the absorption maximum was reported for MEH-PPV/TiO 2 nanocomposite films (Yang et al., 2007) . A blue shift of 26 nm was observed in the emission maximum of PThOxad 3c/TiO 2 nanocomposite film in comparison with that of the polymer film. Although the exact reasons for these shifts are not well understood, these optical results indicate that some interactions can occur between the conjugated polymer chains and TiO 2 nanoparticles. It can be suggested that these interactions will modify the polaronic states of the polymer and increase the excitonic energy. Therefore, the emission spectrum of PThOxad 3c/TiO 2 nanocomposite will shift toward higher photo energies than those of the PThOxad 3c resulting in a blue shift in the emission spectrum (Hsieh et al., 2007) . Fig. 13 shows the open aperture z-scan results obtained at 532 nm for PThOxad 1a-c samples dissolved in DMF. The transmission is symmetric about the focus (z = 0) where it has a minimum transmission. Thus an intensity dependent absorption effect is observed. The solid line in Fig. 13 is a fit of data to equation (1), by assuming only two-photon absorption (2PA). The normalized transmission for the open aperture condition (Henari et al., 1997 ) is given by,
Results and discussion

Polythiophenes
where:
Here,  is the nonlinear absorption coefficient, L is the length of the sample, I is the intensity of the laser beam at the focus, z is the position of the sample and z 0 is the Rayleigh range of the lens. A fit of open aperture data with equation (1) yields the value of  in the range of 50 to 80 cm/GW for the polymer samples. We note that, the linear absorption spectra of PThOxad 1a-c ( fig. 5) show that the polymers are not fully transparent at 532 nm; the linear absorption coefficients (α) for polymers at 532 nm are tabulated in Table 1 . Therefore, there can be various mechanisms, such as the excited state absorption (ESA), that are responsible for such a large nonlinear absorption in these polymers. The diagram shows the different energy levels of a molecule, the singlet ground state S 0 , the excited singlet states S 1 and S 2 , as well as the triplet excited states T 1 and T 2 . It also displays the different transitions taking place between these energy levels. When two photons, of the same or different energy are simultaneously absorbed from the ground state to a higher excited state (S 0 → S 1 ), it is denoted as two-photon absorption (2PA). When the excited state absorption (ESA) occurs, molecules are excited from an already excited state to a higher excited state (e.g. S 1 → S 2 and/or T 1 → T 2 ). For this to happen the population of the excited states (S 1 and/or T 1 ) needs to be high so that the probability of photon absorption from that state is high. The ESA could be enhanced if the molecules could undergo intersystem crossing (ISC) to the triplet state. If more absorption occurs from the excited state than from the ground state it is usually called as the reversed saturable absorption (RSA). The triplet excited state absorption may result in RSA if the absorption cross section of triplet excited state is greater than that of singlet excited state. With excitation of laser pulses on the nanosecond scale, triplet-triplet transitions may make a significant contribution. Nevertheless, such an increased nonlinear absorption due to additional excited state absorption will result in a strong optical limiting activity of the material.
The excited state cross section (σ ex ) can be measured from the normalized open aperture zscan data (Henari et al., 1997) . It is assumed that the molecular energy levels can be reduced to a three level system in order to calculate σ ex . Molecules are optically excited from the ground state to the singlet-excited state and from this state they relax either to the ground state or the triplet state, when excited state absorption can occur from the triplet to the higher triplet excited state. (2) to the corresponding open aperture data at 532 nm with 0 q , are tabulated in Table 1 . The value of ground state absorption cross-section of the polymers, as calculated from    ga N C , where a N is Avogadro's number and C is the concentration in moles/cm 3 , is also given in Table 1 .
It is clear that the value of σ ex is larger than the value of  g in all the polymers, which is in agreement with the condition for observing the reverse saturable absorption (Henari et al., 1997; Tutt & Boggess, 1993) . Reverse saturable absorption generally arises in a molecular system when the excited state absorption cross section is larger than the ground state cross section. The background linear absorption at 532 nm and the measured σ ex values indicate that there is a contribution from excited state absorption to the observed NLA. This suggests that, the nonlinear absorption observed in the polymers can be attributed to a reverse saturable absorption. The reverse saturable absorption in these polymers can further be verified by plotting the nonlinear absorption coefficient against the incident intensity. Fig. 15 shows the plot of  versus the input intensity for PThOxad 1a-c in DMF at a concentration of 1x10 -5 mol/L. Generally, nonlinear absorption (NLA) can be caused by free carrier absorption, saturated absorption, direct multiphoton absorption or excited state absorption. If the mechanism belongs to the simple two-photon absorption,  should be a constant that is independent of the on-axis irradiance I 0 . If the mechanism is direct three-photon absorption  should be a linear increasing function of I 0 and the intercepts on the vertical axis should be nonzero (Guo et al., 2003) . As shown in fig. 15 ,  is found to decrease with increasing input intensity. Such fall-off of  with increasing intensity is a consequence of the reverse saturable absorption (Couris et al., 1995) . With increasing intensity the total absorption of these polymers approaches asymptotically the absorbance of the triplet state. Therefore, the  will be reduced at least up to intensities where no other intensity dependence processes are involved which can further cause reduction of transmission of polymer solution. (1 )(9 ) 
The values of nonlinear refractive index (n 2 ) for PThOxad1a-c were found to be of the order of 10 -10 esu, and they are nearly two orders larger than the n 2 values reported for thiophene oligomers (Hein, 1994) . The χ (3) values of PThOxad 1a-c are comparable with 5x10 -12 esu, reported for poly(3-dodecyloxymethylthiophene) (PDTh) (Bredas & Chance, 1989) . The values of n 2 and χ (3) estimated for the polymers PThOxad 1a-c are summarized in Table 2 . These values were found to be consistent in all the trials with a maximum error of <10%.
Based on the strong reverse saturable absorption observed for PThOxad 1a-c, good optical limiting action can be expected from these polymers. In general, optical limiters have been utilized in a variety of circumstances where a decreasing transmission with increasing excitation is desirable. However, one of the most important applications is eye and sensor protection in optical systems (Tutt & Boggess, 1993) . Fig. 17 demonstrates the optical Table 2 . Determined values of linear and nonlinear optical parameters for polymers under study. limiting behavior of PThOxad 1a-c. The optical limiting was recorded by using the open aperture z-scan set up; the output energy transmitted by the sample was measured while the sample was kept fixed at the focus of the lens and the input energy was varied. For incident pule energies up to 20 J, the output was linearly increasing with the input. However, for energies more than around 20 J, optical limiting of pulses was observed in all the polymers. Although both nonlinear absorption and scattering can contribute to the optical limiting, no significant scattering from the samples was observed during the experiment within the energy limit used.
Concentration dependence of NLO properties can be analyzed to extract information on the NLO properties of the solute. The concentration of polymer in DMF solution was varied and the z-scan experiments were repeated on solutions at each concentration to study the variation of nonlinear response. Fig. 18 shows the dependence of nonlinear absorption (  ) on the concentration of PThOxad 1a-c in solution. From 1x10 -5 to 0.25x10 -5 mol/L,  decreased linearly with the concentration, however, it was found to decrease rapidly below 0.25x10 -5 mol/L. The nonlinear absorption as well as the nonlinear refraction decreased as the concentration of polymers in the solution decreased from 1x10 -5 mol/L to 1.25x10 -6 mol/L. Similarly the optical limiting behavior of the polymers was found to be dependent on the concentration. The optical limiting behaviors of PThOxad 1a-c were studied at different concentrations (E.g., fig. 19 ). Both the limiting threshold as well as the clamping level was found to vary the concentration. While the clamping level was found to be increasing with decreasing concentration, the optical limiting threshold was found to be increasing with decreasing concentration of the polymer in the DMF solution. The third-order NLO properties of two more series of polymers, PThOxad 2a-c and PThOxad 3a-c were also studied using the z-scan technique. The z-scan experiments were performed at pulse energy of 20 J which corresponds to a peak irradiance of 0.44 GW/cm 2 . The sign of the nonlinear refractive index of these copolymers was also found to be negative www.intechopen.com Variation of the DFWM signal as a function of the pump intensity PThOxad 1c is shown in Fig. 20 . The intensity dependence of the amplitude of the DFWM signal in other polymers was found to follow the similar pattern shown in the figure. The signal strength was proportional to the cubic power of the input intensity as given by the equation, was calculated using the equation (3) /   . F is a measure of the nonlinear response that can be achieved for a given absorption loss, and is useful in comparing nonlinear materials in the region of absorption. The value of F is given in Table 2 , which shows that the polymers possess good F values. It can be noted that the largest χ (3) and F values have been measured for the polymer attached with highest electron donor among the copolymers. The value of χ 
Structure -NLO property relationship
Polymers PThOxad 1a-c contain alternating electron donating and electron withdrawing groups in their chain. The lengths of the alkoxy groups (-OR) at 3-and 4-positions of the thiophene rings play an important role in the third-order nonlinear response of the polymers. The alkoxy groups present in polymers PThOxad 1a-c are hexyloxy (-OC 6 H 13 ), octyloxy ) and decyloxy (-OC 10 H 21 ) respectively. The χ (3) values of the polymers are found to be increasing from PThOxad 1a to PThOxad 1c. This can be attributed to the increase in the electron donating abilities of the alkoxy groups with increase in chain length. That is, the electron donating ability of alkoxy groups is in the order -OC 6 H 13 < -OC 8 H 17 < -OC 10 H 21 . Hence polymer PThOxad 1c, containing the longest alkoxy groups (-OC 10 H 21 ) at 3-and 4-positions of the thiophene ring, shows the highest nonlinear response among the polymers. Therefore, the enhancement in third-order nonlinear response is attributed to the increased π-electron delocalization in the polymers. A similar variation has been observed in the nonlinear responses of polymers, PThOxad 2a-c. The observed nonlinear response of the polymers are in the order PThOxad 2a < PThOxad 2b < PThOxad 2c. Among three series of polymers (PThOxad 1a-c, PThOxad 2a-c and PThOxad 3a-c), polymers of PThOxad 1 series showed higher values of n 2 and χ (3) . The high nonlinear response of these polymers can be attributed to an increase in the effective conjugation length of the repeating unit due to the presence of vinylene double bonds of 1,4-divinylbenzene unit in the main chain. Compared with PThOxad 3a-c, polymers PThOxad 2a-c show higher nonlinear response due to the presence of stronger electron donating 3,4-ethylenedioxythiophene units. These results suggest that the nonlinear optical properties of the polymers can be tuned by the structural design which involves introduction of alternating donor and acceptor groups along the polymer chain.
Polymer/TiO 2 nanocomposites
The open aperture z-scan curves obtained for the polymer (PThOxad 3c) film and the PThOxad 3c/TiO 2 composite films are shown in figs. 21 and 22 respectively. All the films show a strong optical limiting behavior. The effect is quite strong because the normalized transmission gets decreased to values like 0.1. In polymer composite systems under resonant excitation conditions, an optical limiting behavior can be attributed to effects such as excited state absorption (excited singlet and/or triplet absorption), two-or threephoton absorption (2PA, 3PA), self-focusing/defocusing, thermal blooming, and induced thermal scattering. Of these, 2PA, 3PA, and self focusing/defocusing are electronic nonlinearities that require high laser intensities usually available only from pulsed picosecond or femtosecond lasers. In the present case the possibilities are therefore that of excited state absorption, thermal blooming and induced thermal scattering. We did not visually observe any induced scattering, and the numerical aperture of the detector was large enough to accommodate the transmitted beam fully even if moderate thermal blooming were to happen. Therefore the cause of the observed optical limiting turns out to be excited state absorption. It is possible to model excited state absorption as an "effective" 2PA or 3PA for numerical convenience, and when we tried to fit the experimental data to standard nonlinear transmission equations accordingly, the existence of a relatively weaker saturable absorption also came to light. Therefore an effective intensity-dependent nonlinear absorption coefficient of the form,
can be considered, where  0 is the unsaturated linear absorption coefficient at the wavelength of excitation, I is the input laser intensity, and I s is the saturation intensity (intensity at which the linear absorption drops to half its original value).  I = N is the excited state absorption (ESA) coefficient, where  is the ESA cross section and N(I) is the intensity-dependent excited state population density. For calculating the transmitted intensity for a given input intensity, the propagation equation,
was numerically solved. Here z' indicates the propagation distance within the sample. By determining the best-fit curves for the experimental data, the nonlinear parameters could be calculated.
www.intechopen.com Fig. 22 . Open aperture z-scan of nanocomposite films having a linear transmission of 51% at 532 nm. The laser pulse energy is a) 100 microJoules, b) 75 microJoules. Circles are data points while the solid curve is a numerical fit according to equation (6).
For PThOxad 3c film,  is found to be 1 x 10 -7 m/W, while for the nanocomposite film it is 2 x 10 -7 m/W. Obviously there is an enhancement of nonlinearity in PThOxad 3c/TiO 2 nanocomposite film compared to the pure PThOxad 3c film. This is not substantial though, the reason being that the polymer films themselves are highly nonlinear in nature. From a device point of view both PThOxad 3c and PThOxad 3c/TiO 2 nanocomposite films are equally useful because the optical limiting efficiency exhibited by them is high. To put the above  values in perspective, the values obtained in similar systems under similar excitation conditions are, 6.0 x 10 -8 m/W in p-(N,Ndimethylamino)dibenzylideneacetone in PMMA matrix (Kiran et al., 2008) , 10 -7 to 10 -9 m/W in Au:Ag-PVA nanocomposite films and 6.8 x 10 -7 m/W in a ZnO/PMMA nanocomposite (Sreeja et al., 2010) . Obviously, the present films are potentially suited for fabricating optical limiters, which can protect sensitive light detectors and also human/animal eyes from accidental exposure to high levels of optical radiation, while maintaining normal transparency for safe low level inputs.
Conclusions
The third-order nonlinear optical properties of three series of Donor-Acceptor polymers containing oxadiazole and substituted thiophene units and of a polymer/TiO 2 nanocomposite film have been investigated by using z-scan and DFWM techniques in the nanosecond domain. The results indicated that a nonlinear refractive index of the order of 10 -10 esu can be readily obtained in these D-A polymers. The magnitude of χ (3) is found to be of the order of 10 -12 esu for all the polymers. The nonlinear absorption is found to be originating from the reverse saturable absorption. The polymers exhibit good optical limiting properties at 532 nm. The results showed that the polymer PThOxad 1c, containing the longest alkoxy group, exhibits highest nonlinearity among the three series of polymers and it may be a potential candidate for optical limiting, optical switching and other fast photonic applications. The dependence of NLO parameters on the length of the alkoxy substituents present in the polymers indicates that the nonlinearity in these polymers originates from the electronic effects. The nonlinear absorption, nonlinear refraction and optical limiting behavior of the polymers increase with increasing sample concentration in solution. In PThOxad 3c/TiO 2 nanocomposite, incorporation of TiO 2 nanoparticles into the polymer matrix is found to improve the thermal stability of the polymer. A red shift in the absorption spectra and a blue shift in the emission spectra are observed for PThOxad 3c/TiO 2 nanocomposite film compared to those of PThOxad 3c film. The composite film showed a strong optical limiting behavior, and the incorporation of TiO 2 marginally enhanced the nonlinear absorption coefficient value of the polymer. The present study reveals that the third-order nonlinear optical properties of conjugated polymers can be enhanced by increasing the π-electron delocalization along the polymer chain through a proper structural modification. Further, the results show that the nonlinear effects in a conjugated polymer can be enhanced by incorporating TiO 2 nanoparticles in to the polymer matrix.
